Genome-wide single nucleotide polymorphism (SNP) analysis is a promising tool to examine the genetic diversity of rice populations and genetic traits of scientific and economic importance. Next-generation sequencing technology has accelerated the re-sequencing of diverse rice varieties and the discovery of genome-wide SNPs. Notably, validation of these SNPs by a high-throughput genotyping system, such as an SNP array, could provide a manageable and highly accurate SNP set. To enhance the potential utility of genome-wide SNPs for geneticists and breeders, analysis tools need to be developed. Here, we constructed an SNP haplotype database, which allows visualization of the allele frequency of all SNPs in the genome browser. We calculated the allele frequencies of 3,334 SNPs in 76 accessions from the world rice collection and 3,252 SNPs in 177 Japanese rice accessions; all these SNPs have been validated in our previous studies. The SNP haplotypes were defined by the allele frequency in each cultivar group (aus, indica, tropical japonica and temperate japonica) for the world rice accessions, and in non-irrigated and three irrigated groups (three variety registration periods) for Japanese rice accessions. We also developed web tools for finding polymorphic SNPs between any two rice accessions and for the primer design to develop cleaved amplified polymorphic sequence markers at any SNP. The 'HapRice' database and the web tools can be accessed at http://qtaro.abr.affrc.go.jp/index.html. In addition, we established a core SNP set consisting of 768 SNPs uniformly distributed in the rice genome; this set is of a practically appropriate size for use in rice genetic analysis.
Introduction
A single nucleotide polymorphism (SNP) is the most abundant type of polymorphic site in the rice genome (Feltus et al. 2004) . SNPs are useful for the design of molecular markers for genetic mapping of quantitative trait loci (QTLs) or genes, and for studying the diversity and evolutionary dynamics of rice genomes. Next-generation sequencing technology (Shendure and Ji 2008) and the high-throughput SNP genotyping system on universal bead arrays (Shen et al. 2005 ) have overcome the difficulties of SNP discovery and genotyping, and a large number of SNPs have been detected and used for genetic diversity analysis in rice (http://www.gramene.org/db/diversity/diversity_view). Some SNP data are accessible through websites and supplementary data of published papers; for example, the data on SNPs identified in 20 cultivars by the OryzaSNP project are available through the project's web page (http://oryzasnp. plantbiology.msu.edu/index.html) and as supporting information of the corresponding publication (McNally et al. 2009 ). Two cereal SNP databases have been also reported (cereals, Wilkinson et al. 2012; barley, Rostoks et al. 2005 ) and these SNPs have been used as DNA markers for linkage analysis. Functional nucleotide polymorphisms (FNPs), sequence variations responsible for alterations in gene function, can be useful for nomination of candidate genes. A database has been recently released to assist the visualization of the FNP distribution in the genome (Kumagai et al. 2013) . However, it is difficult to obtain FNP information for a diverse population, because this requires a large amount of sequencing (for highaccuracy data) followed by association analysis between sequence variations and phenotypes. A genome-wide SNP set enables the detection of the association between thousands of SNPs and causal sequence variants in the genome for agronomically important traits in rice. To this end, association studies have been carried out for disease resistance, flowering time, seed size and some other traits (Huang et al. 2010 , Huang et al. 2011 ). This approach is based on the assumption of linkage disequilibrium between SNP alleles and nearby Plant Cell Physiol. 55(1): e9(1-12) (2014) doi:10.1093/pcp/pct188, available online at www.pcp.oxfordjournals.org ! The Author 2013. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com sequence variants responsible for trait variation. To estimate the linkage disequilibrium between two adjacent SNPs, common patterns of DNA sequence variation in the genome must be defined by genotyping of many SNPs. For human genome studies, the International HapMap Project has been conducted to map and understand the extent of linkage disequilibrium (International HapMap Consortium 2003) , and its website (http://hapmap.ncbi.nlm.nih.gov/) allows retrieval of genotype and allele frequency data for selection of tag SNPs for association studies (Thorisson et al. 2005) . A rice database similar to HapMap could be a valuable tool for the rice research community.
After only about a century of practical cross-breeding in Japan, rice haplotype diversity has dramatically changed . The ability to trace haplotype changes during breeding history could be valuable for identifying genomic regions subjected to artificial selection.
To enhance the potential utility of genome-wide SNPs, we constructed a haplotype map database by using validated SNP information for the world and Japanese rice collections. The association of SNP allele frequencies with QTLs and functionally characterized genes could be clarified by using two other databases, Q-TARO ) and OGRO , constructed on the same platform. The allele frequency of each SNP can be visualized in the SNP genome browser similar to the human HapMap database. To obtain information on SNPs in any genomic region and to design cleaved amplified polymorphic sequence (CAPS) markers, we also constructed a tool for SNP searches and design of primer pairs. We also provide information for a core set of 768 SNPs selected for the analysis of genetic diversity and QTL mapping in the world rice collection.
SNP data for the HapRice database SNP data for 76 accessions from the world rice collection and haplotype identification
We selected 2,968 genome-wide SNPs on the basis of a comparison between the Nipponbare genome and bacterial artificial chromosome end sequences of Kasalath (Katagiri et al. 2004) or re-sequences of Naba and Khau Mac Kho obtained by Illumina short-read sequencing (Illumina Inc.). We also chose 926 SNPs detected by comparing the intron sequences of accessions from the world rice core collection (Kojima et al. 2005 . These 3,894 SNPs were genotyped in 97 rice accessions (Supplementary Table S1 ; Kojima et al. 2005 , Ebana et al. 2008 ) by using the Illumina GoldenGate BeadArray technology platform. In all experimental procedures for SNP genotyping, we followed the manufacturer's instructions. We omitted SNP loci without genotype data for more than half of all 97 accessions and those with an allele frequency 3%. Finally, we selected 3,334 SNPs in 88 accessions on the basis of the 95% successful genotyping threshold.
In general, diverse accessions of Asian cultivated rice are classified into five cultivar groups, aus, indica, temperate japonica, tropical japonica and aromatic ). However, because very few accessions belong to the aromatic group, we excluded it from the analysis of allele differentiation. To calculate the allele frequency of SNPs in each group, it was necessary to select accessions with a distinct classification. To classify the 88 accessions, we used population structure analysis performed with the STRUCTURE software (version 2.3.3; Pritchard et al. 2000 ) using the admixture model with no linkage. The run-length parameters were 5,000 burn-in iterations and 100,000 replications after the burn-in period (Markov chain Monte Carlo method). We only used K value (number of populations in the simulation) = 4 to define the number of ancestral populations based on the four cultivar groups. To facilitate classification of the 88 accessions, we also generated a dendrogram with the DARwin software (version 11.5; http://darwin.cirad.fr/Home.php) from a pairwise distance matrix by using the Neighbor-Joining method (Saitou and Nei 1987) . We excluded 12 accessions as admixtures, and used 76 accessions to characterize 3,334 SNP loci (Supplementary Table S1 ). Both the dendrogram and the population structure were redrawn for 76 accessions. To estimate the variation within each group, we also calculated the fixation index F ST by using the Arlequin 3.1 software (Excoffier et al. 2005 ).
The population structure of 76 accessions confirmed that the four components in the model coincided with each of the four cultivar groups (Fig. 1a) . F ST and the phylogenetic tree showed the extent of genetic differentiation among the four groups. The distances between any two clades in the phylogenetic tree were positively correlated with the F ST values between the corresponding clades (Fig. 1b) . The genetic differentiation within each group (reflected by the size of each cluster) was also revealed by the phylogenetic tree (Fig. 1c) . The smallest and the largest genetic differentiations were observed within temperate japonica and tropical japonica, respectively. Tropical japonica appeared to be further divided into three small subgroups. The classification of 76 accessions in this analysis perfectly matched that reported by a previous study (Supplementary Table S1 ; Kojima et al. 2005) . Therefore, our classification of the four groups, aus (AUS), indica (IND), tropical japonica (TRJ) and temperate japonica (JPN) by using 76 accessions was appropriate for calculation of allele frequencies.
SNP data for 177 Japanese rice accessions
Changes in haplotype diversity are clear outcomes of the breeding process ). In total, 3,252 genome-wide SNPs were genotyped for 177 varieties, which were categorized into three periods of variety registration for irrigated rice or all periods for non-irrigated rice as follows: LO1 (50 landraces and cultivars developed before 1922), LO2 (63 improved cultivars developed from 1931 to 1974, the early breeding phase) and LO3 (23 improved cultivars developed from 1975 to 2005, the late breeding phase), and UPL (41 non-irrigated upland rice varieties). Although this classification may have no biological implications, it could be valuable for the estimation of the effect of breeding on haplotype constitution. We calculated the allele frequency of 3,252 SNPs for each group and constructed an SNP data set.
Database implementation
SNP databases for the world and Japanese rice collections were built on Ruby-on-Rails, a rapid, open-source web application development framework based on the Ruby language (http:// rubyonrails.org). The SNP databases consist of a relational database and two web applications, 'SNP Information Table' and 'SNP Genome Viewer'. The SNP data are shown in a table Fig. 2 The framework of the 'HapRice' database. HapRice consists of three applications: SNP Information Table, SNP Genome Viewer and SNP Search Tool. SNP Genome Viewer is constructed on the same platform as the Q-TARO and OGRO databases. format (SNP Information Table) linked to a genome browser (SNP Genome Viewer). The SNP Genome Viewer shares a common interface with Q-TARO ) and OGRO ). All three databases use the GBrowse platform (http://gmod.org/wiki/GBrowse).
The dynamic pages for SNP search functions were implemented by using the scripting language PHP (Hypertext Preprocessor; http://php.net/) and the JavaScript library jQuery (http://jquery.com/). The SNP Search Tool was implemented to assist selection of polymorphic SNPs between any two rice accessions. We also added a tool to design primers for CAPS markers with information on restriction enzyme sites at a selected SNP. The Primer3 program (Rozen and Skaletsky 2000) was implemented for the design of primer pairs and complied with all the requirements for primer design. To verify the uniqueness of primer sequences in the rice genome, the stand-alone basic local alignment search tool (BLAST) program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was also implemented.
Database functions
An overview of the HapRice database is shown in Fig. 2 . The database has three functions: SNP Information Table, SNP Genome Viewer and SNP Search Tool. The detailed contents of these functions are outlined below.
SNP Information Table
Two SNP information tables were constructed for the two SNP sets, corresponding to the world (3,334 SNPs; Fig. 3a) and Japanese (3,252 SNPs; Fig. 3b ) collections. The two tables have the same layout and include the following: SNP name and source (accession name or population), location (chromosome number and positions according to IRGSP versions 4 and 5; International Rice Genome Sequencing Project 2005), reference allele, alternative allele and frequencies of both allele types, i.e. the number of accessions with the reference (R) and alternative (A) alleles in each group. The search and export buttons located above the table allow users to retrieve the desired data (Fig. 3c) . The exported data can be easily viewed by using Microsoft Excel or other software. Users can access the SNP Genome Viewer through the position column (IRGSP ver. 4). The SNP Search Tool is also available from the hyperlinked word 'SNP search' located above on the same page and from 'SNP search' in the 'Tools' tab in the top menu of the Q-TARO homepage. The contents of both the SNP Genome Viewer and SNP Search Tool are described in detail below.
SNP Genome Viewer
The visualization of SNP haplotypes allows us to define the genome structure. We implemented pie-chart graphs for the allele frequencies in each group (world, AUS, IND, TRJ and JPN; Japanese, UPL, LO1, LO2 and LO3). 'World' and 'Japanese' SNP data are concurrently represented in the same view. GBrowse configures the 'track' for each data set. Then, users can easily compare data sets by moving the 'tracks' up or down in the same window. Fig. 4a shows a window consisting of six selected Screenshots of haplotype views for 3,334 SNPs (world rice collection) and 3,252 SNPs (Japanese rice collection) (http://qtaro.abr.affrc.go. jp/cgi-bin/gbrowse/Oryza_sativa/). The haplotype view (a) has the same platform as Q-TARO and OGRO. This platform is a genome browser, which also shows other markers (SSRs and RFLPs), QTLs, functionally characterized genes and RAP annotation. Haplotypes are drawn by using pie-chart graphs (a) that show the allele frequencies in each group. Users can compare the SNP haplotypes near QTLs and functionally characterized genes. An enlarged screenshot (b) shows the region near the Hd1 locus.
tracks: RAP2 locus, QTLs and functionally characterized flowering genes, SNP haplotypes for the Japanese SNP data set, SNP haplotypes for the world SNP data set, simple sequence repeat (SSR) markers and restriction fragment length polymorphism (RFLP) markers. If necessary, more tracks can be added by the user.
As an example, we show an enlarged view (Fig. 4b) of the region near the Hd1 locus for flowering time (Yano et al. 2000) . Two SNP haplotypes, NIAS_Os_ac06000401 and NIAS_Os_ac06000402, in the Japanese SNP data set change similarly in the four groups of Japanese rice accessions.
These data imply that these SNPs would be in a strong linkage disequilibrium region. Additionally, SNP allele frequencies for NIAS_ Os_ab06000453, W1801 and W1802 60-70 kb downstream of the Hd1 locus show a considerable difference between the UPL group and the three LO groups and between JPN and TRJ. The genetic distances between Japanese non-irrigated rice accessions and indica or tropical japonica accessions are closer than between Japanese non-irrigated and irrigated rice accessions ). Thus, these three SNPs are presumably part of the same haplotype block. Users can see the SNP 
SNP Search Tool
Genome-wide SNP comparison between two accessions is very important for genetic analyses, such as QTL analysis. To facilitate this task, the web interface 'SNP Search Tool' was implemented. Users can select any two accessions in the list (Fig. 5a ) and search their entire genomes for polymorphic SNPs. Additional options are available for limiting the search to polymorphic SNPs in specific genome regions, which can be delimited by physical positions, marker names or nucleotide sequences. The relevant SNPs are shown in a graphical form and as a list (Fig. 5b) . Fig. 5b shows SNPs polymorphic between two varieties, Anjana Dhan and ARC 11094, found in the 'World SNP' search; 'Japanese SNPs' can also be searched through a similar interface. To convert SNPs to CAPS markers, users need to click on the hyperlinked SNP names, which will access the 'Primer Design' window. Primer search allows restriction enzymes to be chosen and provides options for primer design by Primer3 (Fig. 6a ). An example of 'Primer Design Result' shows multiple primer sets with relevant information and the primer sequences highlighted (Fig. 6b) . To check the uniqueness of the primer sequences, users can run the BLAST program through the hyperlinked word 'BLAST'. By using the SNP search and CAPS marker design tools described above, users can find markers polymorphic between the genomes of any two accessions.
World core SNP set: core SNP set for genetic analysis of rice accessions from the world collection
To facilitate the analysis of genetic diversity and trait inheritance in rice, we developed the 'world core SNP set' that includes 768 SNPs by using the minimum-distance method (Fig. 7a) and by omitting minor SNP alleles. This SNP set is relatively evenly spaced on the 12 chromosomes and can be used for any populations of diverse accessions from the world collection. To validate the world core SNP set, we used it for clustering and phylogenetic tree construction of the world rice collection; the method and materials were the same as for the 3,334 SNPs (Fig. 1c) . The phylogenetic trees constructed by using this SNP set and the 3,334 SNPs show similar clusters (compare Figs. 1c and 7b) . Thus, the world core SNP set seems to be representative of the 3,334 SNPs, and can be used for the analysis of genetic diversity of accessions from the world rice collection and for construction of genetic linkage maps of populations derived from distantly related accessions.
Downloading the SNP data used in this database
All information about validated SNPs detected in the world and Japanese rice populations can also be retrieved as downloadable files from the download column in the 'Tools' tab in the top menu of the Q-TARO homepage.
Conclusion
We validated a large number of SNPs in accessions from the world rice collection ) and in Japanese rice accessions . Here, to summarize the information obtained and to facilitate marker design, we constructed the SNP database 'HapRice'. Our database contains 3,334 SNPs from accessions from the world rice collection and 3,252 SNPs from Japanese rice accessions. Although these numbers are relatively small in comparison with other databases such as OryzaSNP (McNally et al. 2009 ), all our SNPs have been validated by SNP genotyping arrays. In addition, SNP search tools also facilitate searching for polymorphic SNPs for any pair of rice accessions listed in our database.
HapRice is a database that integrates the information on SNP haplotypes and an SNP search tool (Fig. 2) , and facilitates access to the SNP information in a user-friendly way. In addition, we also developed the world core SNP set (768 SNPs evenly covering the entire genome) to assist genetic analyses. We demonstrated that information on the SNP haplotypes is useful for the analysis of rice genomes. HapRice will be a powerful tool for precise haplotype analysis because of the rich SNP data available for multiple genomes of rice accessions in Asia.
Information on SNP haplotypes can reveal the detailed genome structures within diverse populations. In addition to providing a greater understanding of evolution in rice, this information should help us to select candidate regions associated with economically important traits, particularly when combined with genetic dissection by QTL analysis and genomewide association studies. In recent years, omics information such as transcriptome data has been organized into databases (Hamada et al. 2011 , Kudo et al. 2013 , Sakai et al. 2013 . The integration of our haplotype data with these omics databases would lead to more comprehensive understanding of rice genomics.
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